The isotopic composition of leaf water in terrestrial plants is highly dependent upon a plant's environment. This isotopic signature can become integrated into organic molecules, allowing the isotopic composition of biomarkers such as cellulose to be used as sensitive paleo and climatic proxies. However, the mechanisms by which cellulose isotopic composition reflect environmental conditions are complex, and may vary between leaf and woody tissues. To date few empirical tests have been made on the relative roles of leaf-water enrichment and source water on the isotopic composition of leaf and wood cellulose within the same plant. Here, we study both leaf and branch wood cellulose, as well as xylem/source water of eucalypts across a 900 km aridity gradient in NE Australia. Across 11 sites, spanning average annual precipitation of 235-1400 mm and average relative humidity of 33-70%, we found a strong and consistent trend in leaf cellulose. However, once the effect of altered source water was considered we found wood cellulose to show no trend across this environmental gradient. We consider potential mechanisms that could explain the 'damping' of a climatic signal within wood cellulose and consider the implication and limitations on the use of treering cellulose as a climate proxy.
Introduction
The stable isotope composition of the water within leaves of terrestrial plants becomes enriched in heavy isotopes of oxygen and hydrogen during the process of transpiration, with the extent of enrichment being controlled by both a plant's external environment and its inherent characteristics (Dongmann et al. 1974 , Roden and Ehleringer 1999 ). This isotopic signature of leaf water may become integrated into organic molecules (such as cellulose) through the inclusion of oxygen from H 2 O at the site of initial carbohydrate biosynthesis, or through the exchange of oxygen atoms during reactions involving the carbonyl functional groups (Sternberg et al. 1986 ). The analyses of isotope ratios in organic materials can therefore be useful for reconstructing features of the environment in which the plant grew, with many authors finding correlations between the oxygen isotopic ratio of cellulose (δ 18 O cellulose ) and both temporal and spatial gradients in the environment (Burk and Stuiver 1981 , Kahmen et al. 2011 , Schubert and Jahren 2015 , Munksgaard et al. 2016 . However, questions still remain as to the utility of using the δ 18 O of organic molecules in different plant tissues to infer climatic conditions (Roden et al. 2000 , Cooper and Solis 2003 , Barbour 2007 ). Here, we use a 900 km aridity gradient in NE Australia to demonstrate how δ
18
O cellulose of leaves and woody tissue vary in their response to a site's relative humidity (RH), a key variable in determining leaf water isotopic enrichment. In addition, we re-analyse a number of published data sets to confirm that while leaf cellulose may record site humidity, the interpretation of δ
O in wood requires the development of a more refined mechanistic model for the interactions between organic molecules and water during cellulose synthesis (Sternberg 2009 .
As set out in the comprehensive reviews of both Barbour (2007) and Cernusak et al. (2016) , the isotopic composition of leaf water can be modelled to various levels of complexity by modifications of the Craig-Gordon equation. Originally written to describe evaporative enrichment of a freely evaporating water body (Craig and Gordon 1965) , the Craig-Gordon equation has been subsequently modified for application to leaves (Dongmann et al. 1974 , Farquhar and Lloyd 1993 where Δ e is the enrichment of water at the sites of evaporation within leaves above source water, ε + is the equilibrium fractionation that occurs between liquid water and water vapour, ε k is the kinetic fractionation that occurs during diffusion of vapour through the stomata and the boundary layer, Δ v is the isotopic enrichment of vapour in the atmosphere surrounding the leaf compared to source water, and e e a i is the ratio of the atmospheric vapour pressure to the vapour pressure inside the leaf. Modifications to Eq. (1) include active debate on how best to represent the relationship between bulk leaf water (Δ L ) and Δ e , through the dilution of enriched water in the leaf-lamina with source/xylem water. Models include both the 'two-pool' (Leaney et al. 1985 , Roden and Ehleringer 1999 , Song et al. 2015 , and the conceptually more complex advection/diffusion or the so-called Péclet model Lloyd 1993, Farquhar and Gan 2003) . However, a recent examination of bulk leaf water enrichment (Δ L ) in Australian eucalypt leaves ) has shown how Eq. (1) provides a good approximation of leaf water composition and how the Δ
O signal of bulk leaf water is generally tightly coupled to RH.
Organic molecules such as cellulose reflect the oxygen composition of the water they are formed in due to (i) the contribution of oxygen atoms from water to carbohydrate synthesis in the leaf and (ii) post-photosynthetic exchange (Sternberg et al. 1986 , Sternberg 2009 ). Exchange of oxygen atoms with water is thought to occur rapidly during carbonyl hydration reactions via the formation of a short-lived geminal diol intermediate (Samuel and Silver 1965) . Such exchange occurs during the export of triose phosphates, the products of photosynthesis, from chloroplasts to the cytosol where they are used to form sugars such as sucrose prior to translocation to other plant tissues (Hill et al. 1995) . As a result, it has been suggested that the sucrose exported from leaves can be expected to reflect cytosolic, or leaflamina isotopic composition (Cernusak et al. 2003 , Barbour 2007 . After redistribution to sink tissues, the futile cycling of fructose 1,6-phosphate through triose phosphates and additional hydration reactions associated with cellulose synthesis can cause further exchange of a proportion of oxygen atoms with the local water. As a result, Δ O 18 cellulose can be modelled as reflecting the influence of both leaf water and water at the site of cellulose synthesis according to Eq. (2) (Barbour 2007) : 
Thus, the combined term p ex p x can be seen as a damping factor that causes stem cellulose to be less leaf water like in its oxygen isotope composition and more xylem water like.
In vascular plants, photosynthetically produced sugars are transported from source to sink tissues in the phloem via mass flow of the sap solution (Munch 1930) . Although isotopic enrichment of the phloem water (Δ ) O 18 pw , compared with xylem water, has been detected in the phloem sap of some herbaceous species including Lupinus angustifolius (Cernusak et al. 2002) and Ricinus communis (Cernusak et al. 2003 ) isotopic enrichment of phloem water in tree species is low . It is generally believed that with long-translocation distances and long phloem water residence times there is substantial dilution of the phloem water isotopic signal, substantially diminishing any isotopic enrichment relative to xylem water. This leads to the assumption that at the point of cellulose formation in mature woody tissue, local cytosolic water likely reflects the xylem water signature and, for the purposes of resolving Eq. (2), p x can be considered ≈1. However, during cellulose formation in tissues that experience isotopic enrichment of the water in which the cellulose forms (e.g., newly flushed leaves and nonsuberized woody tissue) it is likely that p x < 1. Indeed, while working with monocots Helliker and Ehleringer (2002b) demonstrated the implications of p x < 1 in entraining a humidity signature upon leaf δ 18 O cellulose .
A number of studies have shown that p ex is highly variable (0.29-0.77) dependent upon the substrate available and pathway utilized for cellulose synthesis (Luo and Sternberg 1992, Sternberg et al. 2006) . However, when considering heterotrophic cellulose synthesis from sucrose (the most common carbohydrate transported in plants) p ex has been considered to be more narrowly constrained, averaging~0.4 (Sternberg et al. 1986 , Roden et al. 2000 .
Stable oxygen isotopes across the growth rings of living trees and within plant macrofossils and herbarium records have the potential to provide information on past climatic conditions. This environmental signature can be achieved through altering the isotopic composition of source water, often via distinct climatic episodes e.g., ENSO (Brienen et al. 2012 , Boysen et al. 2014 and Monsoon rains (Schollaen et al. 2013) , or through changes
Tree Physiology Online at http://www.treephys.oxfordjournals.org in the evaporative environment in which plants photosynthesize. Difference in post-photosynthetic exchange of oxygen during synthesis of cellulose in leaves and woody tissue may lead to substantial difference in their relative fidelity to tracking climatic conditions. Here, we examine the difference in δ
O composition of leaf and branch-wood cellulose in eucalypts across a 900 km aridity gradient in NE-Australia and discuss the potential implications on the use of tree-ring wood cellulose to record past climatic conditions.
Materials and methods

Field sites
In April 2015, 11 sampling sites were selected within the state of Queensland along a 900 km transect from the edge of the Australian wet tropics bioregion towards the Simpson desert ( Figure 1 , Table 1 ). On a 30-year time-scale these sites experienced an average annual rainfall of between 235 and 1400 mm and average RH at 9 a.m. of between 42 and 82% and at 3 p.m. of between 24 and 60% (based on extraction from gridded 1976-2005 data; Australian Bureau of Meteorology www.bom.
gov.au). During the sampling month (tail end of the local dry season) monthly precipitation ranged from 0 to 38 mm, with an average daytime RH, calculated from mean maximum temperature and vapour pressure at 3 p.m., of 17.8-53.4%. There was a strong and significant correlation between annual precipitation and annual mean RH (Pearson's correlation = 0.97, df = 9, P < 0.001) as well as between multi-decadal RH and RH calculated for the sampling period (Pearson's correlation = 0.97, df = 9, P < 0.001). These correlations highlight the existence of a substantial and dependable aridity gradient across the 11 sampling sites.
Sampling
At each sampling station, 12 leaves and an associated branch section (1 cm diameter, 5 cm length) were collected from an exposed branch of three representative trees of the same eucalypt species (Table 2) . Leaves were placed in paper bags and then into ziplock bags, while branch sections were immediately stripped of bark and placed into 50 ml centrifuge tubes. All samples were double sealed and frozen for transportation back to the laboratory.
Laboratory analysis
Thawed leaf samples were scanned (Cannon LiDE 120, Cannon Australia) and then dried at 60°C until constant mass to determine leaf mass per area (LMA). Leaf tissue was then ground (FOSS Cyclotec 1093, Foss North America, USA) before extraction of cellulose for δ 18 O analysis. Source water held within thawed branch tissue was allowed to equilibrate within vials for 24 h before being split into three subsections and repeatedly analysed for δ 18 O H2O and δ 2 H H2O using Microwave ExtractionIsotope Ratio Infrared Spectroscopy described by . Calibration of δ 18 O and δ 2 H values to the Vienna Standard Mean Ocean Water scale was carried out by analysis of secondary water standards presented on cellulose filters. After the extraction of water, dried branch tissue from each tree was recombined and ground (Bench Top Ring Mill, ROCKLABS, New Zealand) before extraction of cellulose.
Leaf and branch cellulose δ 18 O values
All dried leaf and branch sections (i.e., 33 of each) were subjected to cellulose extraction using the standard Brendel method modified for small samples (Brendel et al. 2000) . Briefly, 5 mg of ground branch, or~10 mg ground leaf tissue was placed in a 1.5 ml centrifuge tube with a screw-on cap and 120 µl of 80% acetic acid and 12 µl of 69% nitric acid was added to each tube. The sealed tubes were placed in heating blocks at 122°C for 30 min. After allowing tubes to cool samples were rinsed, centrifuged and decanted using ethanol, deionized water (>17.5 MΩ), ethanol again and finally acetone. The opened tubes were then dried in an oven at 70°C overnight. δ
18 O values of cellulose were measured using a Tree Physiology Volume 37, 2017
ThermoScientific High Temperature Conversion Elemental Analyser coupled via a ConFloIV to a ThermoScientific Delta V PLUS IRMS at James Cook University. Repeat extractions and analyses of a laboratory standard (Chemwipe™ cellulose) between batches were within ±0.4‰ (1SD) for δ 18 O cellulose . Potential differences between sampling stations were initially examined using simple ANOVA, with station as a fixed factor. Subsequent analysis of functional traits and isotopic composition across the aridity gradient was made with a linear model based upon site averages. When calculating tissue (e.g., branch and leaf) specific differences in p ex p x , Δ 18 O L was estimated using the Craig-Gordon equation with the assumption that water vapour in the air was in isotopic equilibrium with source water (i.e.,
Statistical methods
The thermal sesitivity of ε wc is considered minimal at tempratures >20°C (Sternberg and Ellsworth 2011) , and unlikely to impact our tropical woodland and savannah sites. We therefore assumed a static ε = 27‰ wc when applying Eq. (2). All statistics and graphical operations were carried out using R v 3.2.3 (R Development Core Team 2015).
Results
Ecological gradient
The existence of a stable east-west aridity gradient in tropical Queensland results in a general decline in vegetation cover, with significant (P < 0.001) linear relationships between the Normalized Difference Vegetation Index (NDVI) in April 2015 and both RH (Figure 2A ) and annual precipitation ( Figure 2B ). However, at every location eucalypts were still found as a significant contributor of above ground biomass. At some of the drier sites (Stations 7, 8, and 10) eucalypts were associated with obvious preferential flow paths or creeks although at the time of sampling there was no surficial water present. It should however be noted that much of the water utilized by plants in western Queensland's Channel country may fall to the north of the area sampled.
Leaf traits
Average leaf size ranged from 7.9 ± 3.1 cm 2 in Eucalyptus coolabah at Station 11, Boulia to 34 ± 11 cm 2 in Corymbia dallachiana at Station 3, with a range in LMA across all sites from 148 ± 29 g m −2 to 281 ± 16 g m −2 (Table 2 ). This resulted in a marginally significant (F (1,9) = 3.9, P < 0.1, R 2 = 0.22) decrease in leaf area and significant increase in LMA (F (1,9) = 9.6, P < 0.05, R 2 = 0.46) across the aridity gradient, when using longterm average humidity as an indicator of station aridity. Generally, drier sites had smaller leaves with a higher LMA than more humid sites, which probably reflects both a water saving strategy and increasing sclerophyllous nature moving toward the arid Australian interior (Niinemets 2001) .
Xylem water
Water extracted from branch tissue averaged between 25.0 ± 0.6 and 46.7 ± 8.1% of wet mass (Table 3 ) with a highly significant decrease in water content across the aridity gradient (F (1,9) = 19.1, P < 0.001, R 2 = 0.64). The isotopic composition of xylem water of most plants matches that of the available soil water, with little to no isotope fractionation associated with absorption of water by roots (Ehleringer and Dawson 1992) . Consequently, xylem water is often used to represent an integrated measure of plant source water, with the assumption that measured source water reflects the source water during periods of cellulose synthesis. Across our 11 sampling stations and~900 km transect there was only limited variation in the isotopic composition of xylem water, with station averages generally ranging from −3.0 to −6.0‰ (Table 3) . This small variation in source water reflects Australia's spatially and temporally homogeneous isoscape (Terzer et al. 2013) , at least when considering areas not influenced by coastal processes (Munksgaard et al. 2015) . However, one station did have branch water significantly different (ANOVA, P < 0.05) from the others; Station 4 had a distinctly depleted isotopic signature −9.1 ± 0.8‰ δ
18
O and −71.9 ± 6.8‰ δ 2 H. The eucalypt found at Station 4 (Corymbia erythrophloia) was collected from a savannah landscape with evidence of recent (<1 year) burning event. However, the distinctly depleted isotopic signature can probably be ascribed to the area's unique geology. The Undara Volcanic National Park consists of deep basalt soils underlain by a shallow aquifer held within a number of lava tubes; it is likely that this exploited water source reflects precipitation collected from distinct high volume events such as periodic cyclones or depleted monsoonal rainfall from north westerly directions.
Leaf and branch cellulose
Across all 11 stations δ 18 O cellulose of leaves ranged from 31.6 ± 0.4 to 44.0 ± 0.8‰ at Stations 1 and 11, respectively (Table 3) while δ 18 O cellulose of branch tissue ranged from 29.7 ± 0.5 to 34.0 ± 2.0‰. Both leaf and branch cellulose showed a significant (P < 0.001) decline with decreasing site aridity (F (1,9) = 26.2, R 2 = 0.71 and F (1,9) = 10.7, R 2 = 0.49, respectively); however, there was also a slight but declining trend in δ 18 O of xylem water with decreasing site aridity (F (1,9) = 4.9, P < 0.1, R 2 = 0.28). Therefore, when the offset between source water and cellulose was calculated (as in Eq. (4)) it was found that while Δ 18 O cellulose of leaves ranged from 37.0‰ at Station 1 to 47.5‰ at Station 11, with a significant increase with decreasing humidity (F (1,9) = 16.82, P < 0.001, R 2 = 0.61), the Δ
18
O cellulose of wood varied by just 4.5‰ across all 11 stations, averaging 36.1‰ (across all sites and all individuals) with no significant trend across the aridity gradient (Figure 3) .
Estimation of tissue specific p ex p x
We first attempted to carry out an estimation of p ex p x for both branch and leaf tissue by comparison of Δ 18 O cellulose with Δ 18 O L , with the slope defined as (1 − p ex p x ) (see Eq. (2)).
Δ 18 O L was estimated by a simplification of the Craig-Gordon model (Eq. (5)) assuming water vapour was in equilibrium with source water (e.g., ∆ v = −ε + ), leaf temperature equal to air temperature, and ε k = 26.5‰. These assumptions were applied using average site RH at 9 a.m. and 3 p.m., as well as an average of the two, likely to represent conditions during which the majority of photosynthesis occurs. In all cases there was a significant positive relationship between Δ 18 O L and Δ
18
O cellulose of leaf tissue, but no significant trend in branch cellulose (Table 4 , see Figure S1 available at Supplementary Data at Tree Physiology Online). Examination of the slope (i.e., 1 − p ex p x ) suggests a p ex p x of between 0.47 and 0.54 for leaf tissue, which is comparable to previous studies . It is important to note that as leaf and air temperatures were assumed equal across sites, temperature only impacted the modelling of Δ
O L through ε + , the equilibration fractionation, with minimal impact on resulting values (see Figure S1 available at Supplementary Data at Tree Physiology Online).
The use of regression analysis to determine p ex p x makes an implicit assumption: that p ex p x is constant across the range of sites tested. However, the lack of a trend within the wood cellulose suggests that this was not the case. Indeed, the non- RH, and ε wc = 27‰. Estimates of p ex p x across sites ranged from 0.21 to 0.68 and showed a highly significant (F (1,9) = 25.8, P < 0.001, R 2 = 0.71) increase with increasing site aridity (Figure 4) . In this case, the aridity gradient was represented by sites annual precipitation as site humidity was itself a component of the estimated p ex p x . As noted previously, p x for stems of woody trees has been shown to be very close to 1; thus, we further assume in Figure 4 that p ex p x ≈ p ex .
Discussion
Since Libby et al. (1976) first suggested the use of oxygen isotopes as an 'isotopic tree thermometer' a great many researchers have used the correlation of δ 18 O cellulose with climatic variables to develop site (or region specific) climate proxies (McCarroll and Loader 2004, Barbour 2007) . However, to date, only a handful of studies (i.e., Cooper and Solis 2003, Kahmen et al. 2011 ) have sought to compare Δ 18 O cellulose in different plant tissues to test the mechanistic modelling that underlies the theory under real world conditions (Barbour et al. 2004 ).
In our study we observed a substantial climatic signal in leaf cellulose, but despite a trend in branch δ 18 O cellulose due to spatial patterns in source water, we did not observe a climatic signal in branch Δ
18
O cellulose . The 'damping' of a climatic signal in wood cellulose as compared with corresponding leaf cellulose has been observed previously. Cooper and Solis (2003) noted a similar phenomenon in three temperate tree species, while Kahmen et al. (2011) showed an increasing discrepancy between leaf and stem cellulose of Metrosideros polymorpha with decreasing site humidity. Indeed, in those studies which have reported Δ
O of both leaf and stem cellulose there is a significant increase in the discrepancy between leaf and stem Δ
O cellulose with decreasing RH (Figure 5) . The (partial) failure of stem cellulose to effectively record changing climatic conditions has been noted previously. Both Offermann et al. (2011) in Fagus sylvatica L. and Pflug et al. (2015) in two Quercus sp. highlighted a 'decoupling' of canopy level processes with tree-ring δ
O cellulose , while others have demonstrated how environmental stress may vary how the climatic signal is translated into the isotopic signature of wood cellulose (Hafner et al. 2015) . Similarly, while Lipp et al. (1996) demonstrated the preservation of a humidity signal in Δ
O of Tamarix jordanis wood, and Zech et al. (2014) showed the effect of RH on stem cellulose under controlled conditions, these responses were less than expected under low humidity conditions.
The discrepancy observed between leaf and branch cellulose in our study suggests that the current mechanistic model, which was developed to allow for the entrainment of the environmental signal through leaf-water enrichment upon stem cellulose, is too simplistic, if an assumption of constant p ex p x is applied (Barbour and Farquhar 2000) . Although highlighting the limitations of our current mechanistic understanding is not new (Sternberg 2009 , there remains a substantial risk of misattributing observed patterns in isotopic composition to changes in putative drivers (Voelker et al. 2014) .
Potential for variation in p ex
When considering heterotrophic cellulose synthesis from sucrose (the most common carbohydrate transported in plants) p ex has Figure 4 . Estimate of wood cellulose p ex p x term across 11 sites representing an aridity gradient in NE Australia. Tree Physiology Volume 37, 2017 been considered to be invariant and~0.4 (Sternberg et al. 1986 , Roden et al. 2000 . However, a number of studies have shown that p ex is highly variable (0.29-0.77), dependent upon the substrate available and pathway utilized for cellulose synthesis (Luo and Sternberg 1992, Sternberg et al. 2006) . This is in part due to variations in the natural abundance of 18 O in plant carbohydrates (Yakir 1992 ) and in part due to differences in the isotopic fractionation and degree of exchange demonstrated by different carbon-bound oxygen atoms within the glucose moieties that make up cellulose (Sternberg et al. 2006) .
Not only has p ex been shown to vary among species (Gessler et al. 2013 ) and across environmental gradients (Gessler et al. 2009 ), there appears to be a strong functional link between p ex and the turnover of non-structural carbohydrates, NSC . Our analysis shown in Figure 4 suggests that wood p ex p x and by extension p ex varies as a function of site aridity. This may be linked to NSC dynamics through futile cycling of triose phosphates in stem tissues (Hill et al. 1995) or other processes that increase p ex in dry environments. We note that the direction of response of p ex to mean annual precipitation that we observed in this paper is opposite to that which Song et al. (2014) inferred from a re-interpretation of data for Eucalyptus globulus presented in Cernusak et al. (2005) . However, in that case the range of mean annual precipitation was much smaller than in the present paper (560-750 mm) and the positive slope between p ex and precipitation was statistically non-significant. Further tests are required to determine whether the decrease in p ex of wood that we observed with increasing site aridity is a general response. The implications of unaccounted for variation in p ex across environmental gradients (such as water availability) are profound, potentially negating the ability of wood cellulose to accurately record leaf-level evaporative enrichment under real-world conditions.
Potential for variation in p x
An implicit assumption within most studies looking at tree-ring δ
18
O cellulose is that in mature woody tissues dilution of δ
O pw is such that Δ
O cs ≈ 0 and thereby p x ≈ 1. Although apparently valid when looking at the formation of wood in Eucalyptus it is by no means clear at what point through the translocation pathway of photosynthate this equilibration with source water occurs. Similarly, in leaves it is manifestly apparent that p x is unlikely to be ≈0 (i.e., water at the point of cellulose synthesis is the same as that imparted to sucrose at the point of photosynthesis). Ontogenetic patterns in leaf expansion and the decoupling of transpiration and photosynthesis during leaf development (Pantin et al. 2012) lead to complex temporal and spatial patterns in water enrichment during leafcellulose synthesis. This is perhaps best exemplified in monocotyledons where the majority of cellulose synthesis occurs at the intercalary meristem. In both C3 and C4 grasses bulk leaf water shows substantial enrichment along the leaf blade Ehleringer 2002a, 2002b ) and the degree of bulk leaf water enrichment increases with decreasing humidity. However, as leaf water at the base of the growing stem shows a reduced degree of enrichment with decreasing humidity there is an increasing divergence between Δ
O ss and Δ
O cs leading to a variation in p x (Helliker and Ehleringer 2002a) . Similarly, in dicotyledons the heterogeneity of leaf water enrichment has been shown to increase with decreasing humidity (Santrucek et al. 2007) .
Moreover, how Δ
O cs may vary during leaf development is far from clear. Kimak et al. (2015) found that in dicotyledonous leaves (i.e., Quercus robur and Fagus sylvatica) there was not only a substantial, 7.3‰ difference in the δ
O cellulose of primary veins as compared with leaf lamina, but that during leaf expansion there was a relative enrichment of lamina cellulose as leaf-vein cellulose became more depleted. This temporal pattern probably reflects both a change in the source carbohydrate (progression from heterotrophic to autotrophic carbon balance) and the composition of water at the point of cellulose synthesis. During rapid initial leaf expansion (often occurring during periods of high turgor pressure, e.g., night-time) cellulose is synthesized from imported sucrose and in a leaf water less enriched by native evaporation. During the process of leaf maturation and lamina expansion both the source of photosynthetic precursors, and the enrichment of leaf water are likely to alter, resulting in spatial heterogeneity in the isotopic composition of a leaf depending upon its morphological and ontogenetic development, in a manner analogous to that seen in the temporal dynamics of δ 2 H in n-alkanes during leaf expansion (Sachse et al. 2015) .
Variation in p ex p x across species
The potential for altered physiologically determined p ex p x has already been observed (at least in leaves) in the data set provided by Wang et al. (1998) , in which the authors present data from plants grown under common garden conditions at Jerusalem Botanical Gardens. In the leaves of 82 woody species (see Table S1 available at Supplementary Data at Tree Physiology Online) mid-day Δ
O L ranged from 13.1 to 24.2‰ and Δ
O cellulose from 26.9 to 45.2‰, and although there is a significant positive relationship (see Figure S2 available at Supplementary Data at Tree Physiology Online), leaf water enrichment did not explain much of the observed variation in leaf cellulose (F (1,80) = 18.1, P < 0.001, R 2 = 0.17). As above, Eq. (2) can be solved to give p ex p x , which although averaging 0.49 across all species ranged from 0.04 to 1 with substantial variation among and between ecological groups (see Figure S3 available at Supplementary Data at Tree Physiology Online). It should be noted that the thermal sensitivity of ε wc (Sternberg and Ellsworth 2011) is minimal at temperatures between 20 and 30°C; however, species differences in tissue temperature due to evaporative cooling and morphological architecture (Leuzinger and Körner 2007 ) may contribute to some of the observed variation between species grown under a common garden condition.
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Corticular photosynthesis
In addition to modification to the current view of a static p ex p x factor in cellulose biosynthesis there needs to be consideration given to additional processes that may show variation in their degree of relevance across the landscape. One such process is corticular 'stem' photosynthesis, which appears to play a significant role in many woody plants (Pfanz et al. 2002 , Boisier et al. 2015 , Cernusak and Cheesman 2015 . One (rare) estimate of the importance of corticular photosynthesis suggests that in mesic-grown Eucalyptus miniata up to 11% of wood production may originate from sucrose derived from photosynthetic refixation of stem-respired CO 2 in the bark cortex (Cernusak and Hutley 2011) . Since evaporative enrichment is minimized through the low-conducting periderm, cellulose derived from refixed sucrose reflects solely the isotopic signature of source water. The relative contribution of corticular photosynthesis to sustaining plant function under conditions of water stress (Vandegehuchte et al. 2015) may also help to damp the environmental signal imparted to wood cellulose.
Conclusions
Multiple processes not fully accounted for in current models of cellulose isotopic modelling make it clear that care must be taken in the use of wood δ
18
O cellulose to infer past climatic conditions. As cautioned by Burk and Stuiver (1981) -correlation between δ 18 O and climatic conditions may not be as a result of RH directly but the proximal process by which site aridity may co-vary with source water available to plants. Leaf δ
O cellulose continues to demonstrate a strong climatic signal when examined within closely related species. However, species specific variation in p ex p x , recent work highlighting the dynamic nature of p ex p x in leaves and the possibility for significant variation in p ex p x associated with variation in leaf ontogenetic processes all require detailed consideration before canopy level processes and environments can be faithfully reconstructed from a leaf's Δ 18 O cellulose signature.
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